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ABSTRA(CT

It .s we'l known that the e-beam ga.n and refract.ve properties :r an
FE. alters tre optical mode beha..or from that of a bare resonator ke
report here or 3-D s.mylat.ons with FELEX [1] ard exper.ments on tre 15 6
m-cron wave'ength Los Atamos FEL [2] perfo-med to assess ths .mportance cf
tr.s effect fo- a range of e-beam parameters Two sets of measurements are
made fo- a near concentric cav:ty w th opt:cal! ax:'s displaced from the
@ ecton beam arx:s The f.rst .s a stat.c measu~ement made dur:ng ca.-ty
mode sat.rat.on of the opt cal beam centro.d referred to each resonator m.r-
rcr The opt.cal detector scheme for th.s part of the experiment uses a 25
€'ement .ntegrat:-ng pyroelectr:c array The second :s a dynam.c measurement
nade dur.ng cav ty mode decay of the mot.on of the opt cal beam centro.d ard
wa st referied to each resonator m.rro- Tne opt:cal detection scheme for
th.s part of the exper:ment cons:sts of s three-part spl.t m.rror detectcr
view:ng teo d fferent opt:cal paths These measurements quant fy the ga-r
any refract .e prenert.es of the electron beam when compared to FELEx
s muiat:ors Impl.cat-ons for FEL ai.gnment schemes arna future F.gh-poeer

FELs will k& discussed
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I INTRODUCTION

In th.s pacer, we are concerred w»:.th the subject of mode-med.a .nteract.ons
.n FELs By the term "mode-med:a :rteract.ons™ we mean the effects that the
ga.n med.um (. e e-beam tra.ers.ng w.ggler) has ypon the ont:.cal mode
w.th.n the laser ca-:ty Effects of the med:um upon the laser mcde ha.e
been referred to c.er the years as thermai lensing ga:.n gu:ding, self-
trapp:ng and self-focus.ng for example The abo.e all relate to effects
wh.ch nonl.near .ndex of refract.on variat.ons have upon laser beams In
the case of an FEL, we concentrate cur attent.on on the anaular de..at:.on
the laser beam exhib:ts on pass:ng through the w.ggler wh:ile .nteract:rg
=.th the e-beam In order to enhance th:.s argular dev:at:on .n the Los
Alamos FEL_  we arrange the exper.ment so that the ca.:ly opt:.ca! ax:s may te
offset relat..e to the ax:s of the un.form wiggler. Time integrated and
t.me ressl.ed measuremerts are made of the laser beam coupled out ¢f the cp-
t:cal cav:ty for a range of offset cho.ces. The data :s analyzed tc y:eld
«nformat.on on the angular de..at.orn exper:enced by the laser beam as .t

traver<es the w:ggler

In the rema.nder of th.s paper, wee discuss the results obta.ned ‘rom
theoret:cal calculations w.th the 3-D s.mulition code FELEX [1] used to
msde! the FEL for a range of opt.cal ar.s offsets, e-basam em.ttances, e-b=am
energy spreads and peak currents We end w.th a Jd:scuss:on of the results
and recommeridat:ons as tc how to enkance the angular de~:at.on and thus tha

cbser.ab: 1.ty of the mode-med.um interact.cn



Tre 3-D s:mulat.on ccde FELEY has been (sed ts model the mode med.a .nterac-
t.0on exper.ments Tre parameters at cur d.sposal are marny - howe.er, we
l'm.ted our study to var.at:ons of opt.ca! ax:s offset refat.ve to w=:.ggler
ax:s (O 0 to 0 12 cm), e-beam em.ttance (27 and 37 mm mrad), e-beam ernergy
spread (1% and 2%), and e-beam peak current (150 and 300 amps) A s.ngle
wavelength FEL optical mode was s.mulated, the wavelength (typically 101
~.crons for our exper.mental parameters) being chosen to have the h.ghest
s:ngle pass small s.gnal ga.n. The s.mylaticn runs were nade beg:nn.ng w.th
a small opt:zal s:gral :.njected .nto the un:form wiggler, propagat.ng paral-
lel tc the e-beam The cpt.ca! Leam makes some tens to hundreds of passes
unt: ]l saturat:on :s reached, at which t.me the e-peam :s turned off and the
cptical mode decays In what follows we discuss the small sigral ga.n and
extract.on eff.c.ency, the saturated state of the opt.cal mode w».th the e-
beam turned on, and the osc:llat.on- of the opt.cal mocde w.dth and the

opt:cal msde centro:.d afrer the e-beam .5 turned off

Let vz f.rst cons.der how the FEL beha.es as mea:: ~ed by small signal ga.n
and Lty extract:on eff.c.ency By smafll s:gral gs:.n, we mean the rat.c of
eleztr.c field ampl.tude at the w:.ggler er:t to the same qQuant:ty at the
wiggler entrance The e.tract:crn eff.c.ency 1s the tract.onal electran
Fowear wh.ck .5 converted tz 1.ght F.g._,rl_a | shows the <emall s.gnal gan
plotted as a furct.on of optical ax:s offsct for the s.x d.fferent chs:-es
~f e-beam parameterc< The plot shoes that the small s:ignal ga:n decreases
=itk increas.ng cpt.cal ar.s offset The decrease :.s mora pronsunced for

the "better” s-beam parameter chc.ces ("better”™ mean.ng smaller em.ttarce.

\

smalle- e.argy spread or higher peak cuyrrent) As with the small s.gnal

ga:n  we j13t extract.cn eff.c.ency versus sptical axis offset for the s.x



d.fferent sets of e-beam parameters .n F.g 2 The extraction eff.c.ency s
seen to decrease (gererally) w:.th .rcreas.ing opt:cal ax:s offset The k.nks
or jumps seer :n the lowest curve (for 37 mm mrad, 2% energy spread, 150 amp
peak current) and the next higher curve (for 27mm mrad, 2% energy spread.
150 amp peak current) a-e traced to a change :.n wavelength between the 0 03
cm (1D 1 m.cron wavelength) and 6.06 cm (i0.2 micron wavelength) offset
runs The pronounced sens:t.vity of extract.on eff.ciency toc cho.ce of

wave.ength :s thus demonstrated

The opt:cal mode reactes saturat:on ‘o some tens to hundreds of passes
through the cav:ty The mode med:«m irteracti:nn can be ead:ly seer :n (he
skex.ng of the optical ca+:ty mode centro:d, that :1s, the dev.at:on of thre
cpt.cal beam from paraliel propagat-on Stated in another way, the opt:cal
beam enters the w:ggler at an angle a to the cavity ax:s The opt:cal beam
ex:ts the w:ggler mak:ng an angle 7 to the cav:ty ax.s The skewing is just
7 -a This quantity 1s referred to as the bend angle of the opt.cal mode

The opt:cal beam returns to the back reflect-ng m.rror mak.ng an angle f
w:th the optical cav:ty ax:s Th.s angle 1s referred tc as the t.It angle

The results of ou- simylat.ons are d:.splayed 1n F.g 3 In these f.gures.
we plot the optical mode centro.d measu-ed at the opt.cal cavity mirrors as
a funct.on of the opt:.ca! ax:s offset The optica! mode centroid at the
m.rrgrg .s an exper.mentally access:5le quant.ty Rasults for 27 mm mrad
en.ttance appear :n F.q3 3A-3C and results fcr 37 mm mrad em.ttanca are
g-vern .7 F.gs 3D-3F The f.gures show that the opt.cal mode centrc:d ex-
Fib:.ts greater skew.nj w:th greater offset FError bars dencte osc.llat.ar

I.m.ts cof the cpt.cal mode cantrc.d The dashed l:re .rn the f.gures .s a 1-

to-1 rnd cator Thys. the skew:ng 15 seern to ‘@ greater at the r.ght
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(cutcoupl.ng) m.rror than at the left (rackreflect:ng) m.rror and greater
for 27 than for 37 mm mrad em.ttance choice In general, graater skew.ng

obtains w.th "better" e-beam parameters

J- F.g 4, we g:ve a ccmpos:te of the bend and t:It angles taken drrectly
from the code results, as defined above. In the f.gure, these angles are
plotted as a funct.on of the opt.cal ax:s offset for the six sets of
parameter cha:ces. Not.ce that for the 27 mm mrad em:ttance runs, the ver-
ti:cal ax:s scale covers tw:ce the range as for the 37 mm mrad em.ttarce
runs As .n the case of f.gure 3, a vertical range s given in a case .n
k.ch the plstted quant:ty st:ll oscillated about an average value by the
t:me the e-beam was turned off Aga:n we see that the values of the angles
increase w.th increas:.ng offset and .ncrease for "better"™ choices of e-beam

parameters

After tho FEL has reached saturaticn, tre e-beam :s turned off The opt:cal
ca-:ty mode now beg:ns to osc:.llate about the empty cav.ty mcde and ts
decay (ri:ngdcwn) Ore measure of the mcde med:um .nteract.or :s how large
an osc:llat.on can be seen in tre cav:ty mode w:dth Th.:s osc:.llat.on of
the opt:cal mode width w:th t.me has beer g:ven the anthkropomorph.. des:gra-

1,.gn of a "hreathirng mcde "

In F.g 5, we show results for tre range of
th:s breath.ng mode oscillat.on for the s.x parameter cho.ces quoted abc.e
What s plottad s opt:cal! mode w:dth versus opt:ca! ax.s cffsat There ap-
pears to be n~ systemat.c dependence cf osc:.llat.on range on opt-cal ax.s

ffset The largest rarje of csc.llat.on obser.ed .rn the 3.mulat.~nc .s

found for 27 mm mrad em.ttance 1% erergy spread and 150 amps peak e-beam



Angther measura cof t-a moge med.um .nteract.on i:s hgow large an osc:llat.cn
can be observed :n the opti.cal cavity mode centro:d. This osc:llat.on, of-
ten referred to ac a "salking mode,” ar.ses because, as shown .n F.g 3,
dur:ng the e-beam pulse the opt.cal mode centro:d dev.ates from the 1-to-1
line. The 1-to-1 line def.res the optical ax's in the atsence of the e-
beam In F.g. 6, we present plots of the range of osc:llat.on of the
opt.cal beam centro.d as a funct.on of the cav:ty axis offset for the s:x e-
beam parameter choices gquoted above. For the walking mode osc:1lation we
see that there is a pronounced dependence upon offset for a g.ven em.ttance

We also note that the "better" the e-beam parameters, the greater the walk-

ng mcde osc:llat.on

IIT CONCLUSIONS

We have seen that by vary:.ng a nymber of opt.cal cavity and e-beam

parameters a number of effects are observed :n (1) small s.gnal ga:n, (2

[

extract.on effic.ency, (3) bend and t.It angles, (4) breath.r.g mcde
ampl.tude and (5) walk.ng mode ampliture The various effects can be sum-
mar.zed best .n TABLE I = With an up-arrow :rd.cat:ng :.ncrease and a down-
arrow decrease,  we see that, for example, an increase :.n em.ttance (c) leads
to a decrease :n breath.ng mode ampl.tude or an .ncrease 1n peak cuyrrent
leads to an .ncrease in t.It angle If we w.sh to enhance the mode med.um
irteract:on man.festation, TABLE I suggests that we decrease em:tta:ce.
decreasa snergy spread and .ncrease peak cuyrrent If we w.sh to enhance the
observab:l:ty ¢f the breach.ng mode, 1t s more useful tc decrease ererg,

spread of the e-beam than :t :s to :ncrease the a-beam peak current



F.gure

F.gure

F.gure 3

F.gure 4

F.gure

1

[4,]

x

Small s.gral ga:n +s optica! ax:s offset Curves are
labelled w:th e-beam em.ttance (mm mrad), e-beam erergy

spread (percent) and e-beam peak current amps).

Extract.on eff.ciency vs optical ax:.s offset. Curves are
labelled w:th e-beam em.ttance (mm mragd), e-beam energy

spread (percent) and e-beam peak current (amps)

Opt.cal beam centro.d vs opt:cal axis offset Results shown
for both optical cav:ty m:.rrors and for a range of e-beam
parameters- em:ttance of 2 7 mm mrad and 1% or 2% ernergy
spread and 150 amps or 300 amps peak curirer: .n f.gures fa)-
{c); em.ttarze of 3 7 mm mrad and 1% or 2% energy spread and

150 amps cor 300 amps peak current in f.gures (d)-(f).

Bend anjle ( 7 -a ) and t.1t angle ( J ) +vs optical ax:s
offset. Results shown for a ranrge of e-beam parameters

emittance of 2 # mm mrad and 1% or 2% energy spread and 150
amps or 300 amps peak cyrrent .n f.gures (a)-(c); em.ttarnce
of 3 » mm mrad and 1% or 2% erergy spread and 150 amps or 300

amps peak current :n f.gures (d)-(f)

Opt.cal mode e.dth +s oprical ax.s cffset Results shcan

are taken dur:ngj the Jecay of the opt:cal mode, following



F-gure 6

turr-off of the e-team for a range of e-beam parameters
em.ttanc - of 2 ¥ mm mrad and 1% or Z% energy spread and 150
amps or 300 amps peak current 'n f.gures (aj-(c), em.ttance

of 3 # mm mrad and 1% >r 2% energy spread and 150 amps or 300

armps peak Ccurrent :n f.gures (d)'(f)-

Opt.ca! mode centro:d (measured at cutcoupler m.rror}) vs. op-
tical ax.s offset Results shown are taken dur.ng the decay
of the opt:cal mode, following turn-off of the e-beam for a
range of e-beam parameters- em.ttance of 2 7 mm mrad and 1%
or 2% enargy spread and 150 amps or 300 amps peak current .n
f.qures (a)-(c). em.ttarce of 3 7 mm mrad and 1% or 2% energy
spread ard 150 amps or 300 amps peak currert .n f.gures (d)-

()



EXPERIMENTAL

PARAMETERS ( *) Offset Emittance Energy Spread Current
RESULTS

1. Small signal gain ... ..... * * * ’

2. Extraction efficiency . .. ... * both both *

3. Saturated mode angles

a.Bendangle............. 4 * * 4
b. Titangle . .............. * * * *
4. Breathing mode amplitude . . flat * * flat
5. Walking mode amplitude . . . * * * flat*

TABLE |. Summary of theorelical results for four experimental quantities which were
varied. An up arrow denotes an increase while a down arrow denotes a decrease of
the listed result for an assumed increase of the experimental parameter. Flat* denotes
no change or possibly a slight increase while both denotes no definite conclusion.
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